The mutant virus Mu-3 was isolated from the soluble receptor-resistant mutant 7 virus (srr7), which is a neuropathogenic strain of the mouse hepatitis virus JHMV, and cloned as a soluble receptor-resistant mutant from the highly neuropathogenic JHMV strain cl-2 virus (cl-2). In order to identify specific characteristcs of Mu-3, the pathology of Mu-3-infected mice was compared with that of srr7-and cl-2-infected mice. The neuropathology after Mu-3 infection exhibited a mixed pattern comparable to that induced by srr7 and cl-2 infections. In addition, Mu-3 infection caused marked apoptotic lesions in the hippocampal region, particularly in the CA2 and CA3 subregions, in the brains of all infected mice. In contrast, in cl-2 infection, 10-20z of the infected mice exhibited apoptosis in the hippocampus, which was primarily observed in the CA1 subregion. Apoptosis also occurred in the pyramidal neurons and CD11b-bearing cells. The apoptotic cells, indicated by caspase 3-activation, were a mixed population of infected and a higher number of uninfected cells. These data indicated that apoptosis observed in Mu-3 infection could be induced by the indirect effects of infection in addition to direct effects of the infected cells occurring in a cell-autonomous manner.
INTRODUCTION
Mouse hepatitis virus (MHV), a member of the coronavirus family, is an enveloped virus with a singlestranded, positive-sense genomic RNA of approximately 30 kilobases in length. The spike (S) protein, composed of virion projections, is responsible for binding to host cell receptors and facilitates cell entry of MHV (1) . Soluble receptor-resistant mutant 7 (srr7), isolated from the highly neuropathogenic JHM strain of MHV cl-2 (2), is slightly less virulent compared with its maternal virus (1) . However, srr7 still exhibits a high level of virulence, causing death of infected mice within 10 days after infection. Neuropathological imaging after infection with srr7 and cl-2 showed that srr7 induced lesions in the cerebral white matter without infecting neurons, which do not express carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM-1), a major MHV receptor (MHVR). In contrast, cl-2 causes necrosis primarily in the gray matter by infecting neurons in an MHVR-independent manner (1, 3) . The MHVR-dependency and -independency of srr7 and cl-2 infections, or of other JHMV strains, cause in vitro infections of BHK cells, which are MHVR-negative (4-7). These differences in neuropathogenesis and MHVR-dependency between srr7 and cl-2 are attributed to a single mutation in the S2 gene (2) within the S protein-encoding region (S gene). The S gene has a high mutation rate (8) and we have obtained several mutant viruses after re-cloning of an srr7 viral stock (maintained in our laboratory for over 10 years) through repeated passages (3, 7) . All of the isolated mutant viruses (Br-1, Mu-1, and Mu-2) had single or double amino acid substitutions in the S protein, which, compared with the maternal srr7, helped them gain increased virulence and an MHVR-independent manner of infection (7) . Here, we introduce an additional mutant virus, Mu-3, which induced the apoptosis of pyramidal neurons (PyNs) in the hippocampal region, particularly in the CA2 and CA3 subregions. In addition, we investigated the neuropathology induced by Mu-3 infection to determine the characteristics of this newly isolated mutant virus.
Hippocampal damage has been studied in human diseases, such as Alzheimer's disease (9) , ischemic injury (10), herpes simplex virus (HSV) encephalitis (11) , and human immunodeficiency virus (HIV)-induced dementia (12) . It has also been studied in experimental animal diseases induced by hypoxic injury (13) or neurovirulent viruses, such as picornaviruses (14) , measles virus (15) , sindbis virus (16) , HSV (17) , and Borna disease virus (BDV) (18) , or in injuries induced by a chemical agent (19) . Depending on the causative agents and methods adopted to induce hippocampal injury, the injured subregions in the hippocampus vary; however, the reason for this selective vulnerability remains uncertain. In order to ascertain the selective vulnerability in the hippocampal area after Mu-3 infection, quantitative and qualitative analyses of apoptotic cells in this area were performed. Our newly isolated mutant virus, Mu-3, provided an opportunity to elucidate this selective vulnerability because the virus induced apoptotic lesions primarily in CA2 and CA3 during restricted periods at 4 and 5 days post-inoculation (dpi) (at a rate of 100z) without inducing any pathological lesions in the hippocampal area before 3 dpi. Furthermore, cl-2, which has 2 amino acid substitutions in the S protein compared with the S protein of Mu-3, induced apoptosis primarily in the CA1 subregion.
MATERIALS AND METHODS
Viruses and cells: Three JHMV strains, cl-2, srr7, and Mu-3, were used. Mu-3, isolated after the re-cloning of an srr7 viral stock (maintained in our laboratory for over 10 years) through repeated passages (3, 7) , has, in contrast to srr7, a single amino acid mutation at position 596 (Asn to Lys) of the S2 subunit of the S protein.
DBT cells were grown in Dulbecco's modified minimal essential medium (Nissui, Tokyo, Japan) supplemented with 5z fetal bovine serum (FBS; Japan Bioserum, Hiroshima, Japan) and cultured at 379 C under humid conditions and 5z CO 2 .
Animal experiments: Specific pathogen-free inbred BALB/c mice were purchased from Charles River (Tokyo, Japan), housed in a specific pathogen-free animal facility, and maintained according to the guidelines set by our university committee. For infection, mice were transferred to a biosafety level 3 laboratory after gaining permission from the university committee. At 7 weeks of age, each mouse was inoculated with 1 × 10 2 /50 ml of cl-2, srr7, or Mu-3 virus into the right frontal lobe under deep anesthesia using ethyl ether (SHOWA-ETHER, Tokyo, Japan). Sham infections were conducted using the medium for DBT cell culture (see below). Infected mice were killed by exsanguination of the left ventricle under deep anesthesia using ethyl ether at desired intervals (Fig. 1) . The organs, including the liver and the frontal lobe of the brain, were aseptically isolated and stored at -809 C until titration. A total of 10-20z g/ml of the tissues were homogenized in phosphate-buffered saline (PBS) using a glass homogenizer and centrifuged at 620 g for 15 min. The infectivity in the supernatants was measured using a plaque assay with DBT cells, as described previously (1) .
Immunostaining and neuropathology: After exsanguination of the infected animals under deep anesthesia, isolated parts of the brain were frozen for viral titration. The remaining portions were fixed in 4z paraformaldehyde buffered with 0.12 M phosphate to obtain paraffin-embedded sections for histological staining with hematoxylin and eosin (HE) and for enzyme immunohistochemistry. For quantitative studies, infected or apoptotic cells in the hippocampus were counted using coronal sections at the level of 1 mm anterior to the infundibulum. For immunohistochemistry, deparaffinized sections were incubated with 50z normal horse or 50z normal mixed serum (fetal calf, calf, pig, and horse) diluted in PBS prior to the first antibody application to block non-specific binding. The nonspecific activity of endogenous peroxidase was blocked after primary antibody incubation by incubating sections with 0.3z H 2 O 2 in methanol. All cells were washed with PBS between each step. For the peroxidase reaction, 0.2 mg/ml of 3,3?-diaminobenzidine tetrahydrochloride (Wako, Osaka, Japan) in 0.1 M Tris buffer (pH 7.6) was used to achieve brown staining.
Neuron loss in the pyramidal cell layer (PyL) of CA1, and from CA2 to CA3 of the hippocampus was examined using paraffin-embedded coronal sections at the level of the infundibulum after HE staining, and each area was scored as follows: score 0, no damage (Fig.   2A) ; score 1, less than 10z cell loss (Fig. 2B) ; score 2, 20-30z cell loss (Fig. 2C) ; score 3, more than 60z cell loss (Figs. 2D and 2E); and score 4, more than 90z cell loss (Fig. 2F) . If a score of 4 was given to the bilateral PyLs, it was considered as 5. If the cell loss was intermediate between 2 scores, 0.5 was added to the lower score. The higher scores obtained from CA1 or from CA2 to CA3 were employed for comparison.
Immunofluorescence: After exsanguination of the infected animals under deep anesthesia, tissues were isolated and embedded in OCT compound (Sakura, Tokyo, Japan). Tissue blocks were frozen on dry ice and 10-mm sections were cut using a cryostat (Sakura), air dried, fixed in acetone for 10 min, and stored at -809 C until staining. Cryosections were treated with PBS containing 0.05z Tween 20 (Sigma, Tokyo, Japan), 1z bovine serum albumin (BSA) (Sigma), 0.1z sodium azide, chicken anti-mouse IgG (BioFX Laboratories, Inc., Owings Mills, Md., USA), and 5z horse serum for blocking. After incubation with the relevant primary antibodies for 1 h at room temperature, the sections were thoroughly washed with PBS supplemented with 0.1z BSA and 0.05z Tween 20. The sections were then processed for incubation with a secondary or tertiary antibody, followed by nuclear counterstaining using Hoechst 33342 (Invitrogen, Carlsbad, Calif., USA). Stained sections were mounted with gold antifade reagent (Invitrogen) and examined using a confocal laser scanning microscope (Leica Microsystems, Knowlhill, UK).
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining: After deparaffinization, tissue sections were microwaved in 0.1 M citrate buffer (pH 6.0), washed once with PBS, and blocked at room temperature with 3z BSA and 20z FBS in Tris buffer for 30 min. Slides were then rinsed thrice with PBS, labeled with TUNEL reaction mixture (Roche, Indianapolis, Ind., USA) at 379 C for 1 h, rinsed again with PBS, mounted in gold antifade reagent (Invitrogen), and examined using a fluorescence microscope (Keyence, Osaka, Japan).
Antibodies: Viral antigens were visualized using the rabbit polyclonal antibody SP-4 or mouse monoclonal antibody (MAb) (1, 20) . For identification of apoptotic cell types, mouse anti-neuronal nuclei (NeuN) biotinconjugated monoclonal antibody (CHEMICON International Inc., Temecula, Calif., USA), rat antimouse biotin-conjugated CD11b (BD Pharmingen, San Diego, Calif., USA), and rabbit anti-caspase 3 (Cas3) (Millipore, Temecula, Calif., USA) were used. As a secondary or tertiary antibody, biotinylated donkey anti-rabbit IgG (Amersham, Tokyo, Japan), biotinconjugated donkey anti-mouse IgG (Rockland, Gilbertsville, Pa., USA), avidin-peroxidase conjugate (Molecular Probe, Eugene, Oreg., USA), fluorescein isothiocyanate (FITC)-anti-rabbit IgG antibody (Abcam, Tokyo, Japan), FITC-anti-mouse IgG antibody (Vector Laboratories, Inc. Burlingame, Calif., USA) or biotin anti-mouse IgG antibody (Rockland), and Avidin-Alexa Fluor 568 (molecular probes) were used.
Statistical analysis: Overall survival was analyzed and compared using the Kaplan-Meier method. Significant differences in survival were identified using the log-rank 
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Mutant Murine Hepatitis Virus-Induced Apoptosis in the Hippocampus test. Otherwise, Student's t-test was used. P value º 0.05 was considered statistically significant.
RESULTS
Virulence and viral growth: Mu-3-infected mice exhibited a mortality rate of À80z, which was greater than that of srr7 but lower than that of cl-2 within 5 dpi (Fig. 1A) . In contrast with cl-2 infection, which caused death in 80z and 100z of the infected mice within 3 and 4 dpi, respectively, mice infected with Mu-3 showed no clinical signs within 3 dpi and all survived despite developing a hypokinetic state at 4 dpi (Fig. 1A) . Viral titers prepared from the brains and livers of infected mice at specific time points are shown in Fig. 1B . Proliferation of srr7 and Mu-3 was similar in the examined organs, and compared with the viral titers of cl-2, the titers of srr7 and Mu-3 were almost identical in the brain and low in the liver.
Neuropathology: Neuropathological imaging of brain tissues infected with Mu-3 exhibited a mixed pattern of those infected with srr7 and cl-2. Similar to the neuropathology in the brain tissues infected with srr7 (1,3), necrotic lesions were not prominent at 3 dpi, and the hippocampal area ( Fig. 2A ) and brain cortex (Fig.  3B ) appeared grossly normal without signs of apoptosis, necrosis, or prominent inflammatory cell infiltration. In addition, viral antigens were observed in the white matter (Fig. 3A2 ) of the Mu-3-infected brain tissues. In contrast, at 3 dpi, cl-2-infected brain tissues exhibited extensive necrotic lesions, predominantly in the gray matter (1,3). Mu-3-induced neuropathology, which was found in cl-2 infection but not in srr7 infection, exhibited a distribution of viral antigens already detected in the neurons of the gray matter at 3 dpi (Fig. 3B) . In the Mu-3-infected hippocampus at 4 dpi, viral antigens were detectable in the PyNs (Fig. 3F) , particularly in CA2 and CA3 (Fig. 3D) , and in the non-neuronal cells, particularly CD11b-bearing (CD11b ＋ ) cells (Fig. 3G) . In cl-2 infection, viral antigens in the hippocampus were detected primarily in CA1 (Fig. 3C) , which appeared not only in the PyL but also outside of the layer, particularly in the upper portion (stratum oriens) near the corpus callosum. Pathological changes characteristic of Mu-3 infection observed in the paraffin-embedded sections stained by HE were neuronal cell loss or degeneration in the hippocampal PyL (Fig. 2E) . These changes were accompanied by typical apoptotic changes characterized by pycnotic or fragmented nuclei (Fig. 2E) , which occurred with a score higher than 3 in 80z and 100z of the mice at 4 and 5 dpi, respectively (Table 1 ). In contrast, less than 20z of the mice infected with cl-2 exhibited such lesions (Fig. 2D ) in the hippocampus (Table 1) . Marked lesions with a score higher than 3 occurred in 19z of the srr7-infected mice (Table 1) . Apoptosis indicated by HE staining was further ascertained based on Cas3-activation (Figs. 3I-L) and DNA fragmentation using the TUNEL method (Figs. 3O-Q and 4) , which revealed that Mu-3 infection-induced apoptotic lesions in the hippocampal PyL showed a preference for the CA2 and CA3 subregions (Figs. 2E, 3P , and 4), while cl-2 infection-induced apoptosis occurred preferentially in the CA1 subregion (Figs. 2D, 3Q, and 4) . Apoptosis in the hippocampus occurred in the neurons (Fig. 3J) and CD11b ＋ cells (Fig. 3K) . Some of the infiltrated (1) and ratio to total cell numbers (2) in the region. Although there was no significant difference of infected cell numbers in between CA3 and CA1, the ratio of infected cells with Mu-3 in CA3 was higher ( P º 0.05) than that in CA1. Viable total cell numbers in CA3 and CA1 were 211-380 (mean, 273) and 650-1250 (mean, 933) at 4 dpi with Mu-3, respectively, and 382-392 (mean, 386) and 478-767 (mean, 626) at 3 dpi with cl-2, respectively. (B) No apoptotic cells were detected in the hippocampus of the mice at 3 dpi with Mu-3. Viable total cell numbers in CA3 and CA1 were 225-469 (mean, 341) and 850-1642 (mean, 1197) at 4 dpi with Mu-3, respectively, and 582-640 (mean, 604) and 678-1040 (mean, 846) at 3 dpi with cl-2, respectively. (C) The ratios of cell numbers of apoptotic cells to Vi ＋ cells in the total area or PyL of the CA1-3 subregions infected with Mu-3 and cl-2 at 4 and 3 dpi, respectively, were compared because most of the mice infected with cl-2 died before 4 dpi (Fig. 1) , and no apoptotic cells were detected in the hippocampus infected with Mu-3 at 3 dpi (Fig.  4B) . Vertical lines are the mean ± SD.
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Correlation between viral antigen distribution and apoptosis: The distribution of viral antigens in the paraffin-embedded sections appeared to be grossly correlated with the regional distribution of apoptosis in the hippocampus (Figs. 2 and 3A-D) . Quantitative analysis using the TUNEL method (Fig. 4) supported this observation. In Mu-3 infection, at 3 dpi, only a few viral antigen-positive (Vi ＋ ) cells (Fig. 4A ) and no apoptotic cells (Fig. 4B) were observed. Further, in cl-2 infection, larger numbers of Vi ＋ cells were counted in the CA1 and CA2 subregions than in the other subregions (Pvalues between CA1 or CA2 versus CA3 or dentate gyrus (DG) were 0.001 º P º 0.01; Student's t-test) with a higher incidence of apoptosis in the PyL of CA1 and CA2 compared with that of the other subregions ( Fig. 4B ; P º 0.05). However, there were no significant differences between the number of Vi ＋ cells in the PyL of CA3 between cl-2 and Mu-3 infection ( P º 0.8) (Fig.  4A1) , although the number of apoptotic cells in this area was lower (P º 0.01) in cl-2 infection compared with the number of apoptotic cells in Mu-3 infection (Fig. 4B1) . Therefore, we counted Vi ＋ cells in the total areas of each subregion including the area exterior to the PyL (exPyL). Apoptotic cell numbers are shown only from the data obtained from the PyL, because the apoptotic cell numbers counted in the exPyL were always less than 5z of those in the PyL (data not shown). The total number of Vi ＋ cells in the total CA3 area in Mu-3 infected mice was greater than that in the CA3 area in cl-2-infected mice ( P º 0.05), which was almost the same number for the total and PyL areas of CA3. This finding indicated that only a few cells were infected in the exPyL of CA3 in cl-2 infection, whereas almost the same numbers of Vi ＋ cells were found in the exPyL and the PyL of CA3 in Mu-3 infection (Fig. 4A1) .
Collectively, these findings indicated that infection of the exPyL was more important than that of the PyL to induce apoptosis in the PyL, which was further confirmed by double immunostaining for Cas3 and viral antigens, revealing that many apoptotic cells in the PyL were not infected (Fig. 3L) . Furthermore, higher numbers of apoptotic cells in the PyL of CA2 and CA3 of the hippocampus after Mu-3 infection were counted and compared with the numbers of infected cells (Fig. 4C) . In contrast, cl-2 infection induced apoptosis in a greater number of infected cells compared with that induced by the apoptotic cells in all of the subregions, as shown by the ratio of apoptotic to infected cells (Fig. 4C) .
The raw number of apoptotic cells counted by the TUNEL assay did not fully reflect the large area of apoptosis observed by HE staining, because the former method can identify only a certain stage of apoptosis and does not demonstrate all apoptotic cells, particularly after the lytic phase. Therefore, the ratio of the apoptotic cell number to the number of nuclei with a diameter greater than 7 mm is shown (Fig. 4B1) , which demonstrated a regional tendency of apoptotic lesions in Mu-3-or cl-2-infected hippocampal tissues.
DISCUSSION
The mutant virus Mu-3, an isolate from srr7, in addition to 3 mutants previously reported (7) induced a unique neuropathology after infection in that hippocampal PyNs, particularly in CA2 and CA3, underwent apoptosis in all the brains infected with Mu-3. Compared with the S1 protein of srr7, Mu-3 has a single amino acid substitution in the S1 protein region (aa 596, Asn to Lys), similar to other reported mutants, which have 1 or 2 substitutions of amino acids in the S protein region (7), the infectivity to neurons (Figs. 3B and 3F) , which do not express the major MHV-receptor CEACAM1 (20) . Furthermore, although Mu-3 as well as the other mutants proliferated in the brain and liver in almost a similar manner, they exhibited a higher virulence than the maternal srr7 virus, which shows MHVRdependent infectivity (Fig. 1) .
cl-2 also induced apoptosis of the hippocampal PyNs, but at a lower frequency (Table 1) , and occurred primarily in CA1 and CA2 (Figs. 2D and 4B ). Larger numbers of Vi ＋ cells were counted than in CA1 and CA2 compared with those in the other subregions regardless of whether all infected cells in the total area or in the PyL of each subregion were counted or not (Fig. 4A) . However, at 4 dpi, compared with the total number of infected cells of CA1, there was no significant difference in the total number of infected cells either in the total area or in the PyL of CA3 in Mu-3 infection, although the number of apoptotic cells was higher in CA3 than in CA1. This finding indicated that the increase in the number of infected cells compared with the number of infected cells at 3 dpi (Fig. 4A ) (where no apoptotic cells were detected [ Fig. 4B] ) may have been a necessary process. However, this increase is neither a sufficient nor an exclusive cause of the apoptosis that occurred in CA3 at 4 dpi with Mu-3 infection. One possible explanation to this discrepancy is that the PyNs in CA2 and CA3 were larger in size than those in CA1 and may have been more vulnerable to viral challenge, thereby leading to apoptosis with an attack of a smaller number of viruses than necessary in CA1.
The selective vulnerability of each region in the hippocampus varied depending on the causative agents. In Alzheimer's disease and ischemic injury, the PyNs in CA1 (9) sustain damage. Picornaviruses, including Theiler's murine encephalomyelitis virus (TMEV) (14, 21) and encephalomyocarditis virus (22, 23) , target CA1 neurons in a way similar to that adopted by kainic acid in the same area (24) . BDV also induces CA1 lesions but only in interferon-g-deficient knockout mice (18) . In mice, both CA1 and CA3 are particularly susceptible to infection from neuro-adapted measles virus (15) . The HIV proteins gp120 and Tat induce neurotoxicity in CA1 and CA3, respectively (12) . Coxsackievirus B3 (CVB3) infection induced apoptosis in the neurons in the neonatal DG, CA2, and CA3 (25, 26) . However, the reason why these divergences occur has not been fully elucidated. Damage to CA1 has been explained because the PyNs in CA1 are the most vulnerable population in the hippocampus (9) . However, this theory does not account for the CA3 involvement in inhibiting the development of CA1 lesions. In neuro-adapted infection of Sindbis virus (27) and HIV (28) , it is proposed that stimulation of the CA1 N-methyl-D-aspartate (NMDA) receptors by viral proteins may cause regional neuronal damage. Regional apoptosis in the hippocampus induced by HSV-1 (17), CVB (25) , and BDV (18) infection has been attributed to direct effects of viral infection after viral spread to the affected area, although statistical studies in these previous reports have not revealed the correlation of the infected areas or cells with the distribution of apoptotic cells.
Our statistical analyses indicated that the apoptosis of the cells in the hippocampal PyNs occurred through an indirect pathway, because in both the cl-2 and Mu-3 infection, the infected cell numbers in the exPyL were more correlated to the apoptotic cell numbers in the PyL of the subregions than those in the PyL (Fig. 4) .
The infected cells in the exPyL of CA3 in Mu-3 infection were more than 10-fold higher than those in cl-2 infection (Fig. 4A1) . Similarly, the infected cells in exPyL of CA1 in cl-2 infection were more than 4-fold higher than those in Mu-3 infection. The interpretation that apoptosis in the PyL was triggered through indirect effects of viral infection that occurred in the exPyL was further supported by the finding that many apoptotic PyNs did not express viral antigens (Fig. 3L) . In addition, in the PyLs of CA3 and CA2, after Mu-3 infection, the ratio of apoptotic cells to infected cells increased to approximately 2:1 (Fig. 4C) .
Bystander involvement of the hippocampal PyNs was observed during TMEV infection, during which neutrophil- (14) or transforming growth factor (TGF)-b-(21) mediated immunopathology was suggested as a cause of apoptosis. However, these reports did not discuss differences in distribution or expression patterns of these pathogenic factors in the hippocampal subregions. Furthermore, our preliminary study showed that granulocyte receptor-1 antigen-positive cells were rarely found in the hippocampus after cl-2 or Mu-3 infection (data not shown). In addition, although the TGF-b concentration was elevated in the entire hippocampus after infection, TGF-b antigens were expresed throughout the hippocampus whithout showing subregional distributions of cytokines (data not shown). Although the contribution of other cytokines to induce subregional lesions were previously examined in our laboratory, based on our current findings, we propose that the indirect pathway can be mediated by infected cells of the monocyte lineage (MoCs) or microglia, because the infected cells in the exPyL showed a typical morphological appearance of microglia (Fig. 3C ) and expressed CD11b (Fig. 3H) . In the PyL, infected CD11b ＋ cells were also observed (Fig. 3G) . MoCs or microglia is the initial target of infection by srr7 and cl-2 detected in primary brain cultures (20) and an in vivo study (3) . The presence of infected F4/80 ＋ cells was detected in the meningeal region at 12 h post-inoculation, which was accompanied by cytopathy of F4/80 ＋ cells (3). Morphological images of some of the infected MoCs showed cytopathy by forming syncytial giant cells (3) or apoptosis in the brain parenchyma (Fig. 3K) as well as in the meninx (Fig. 3I) . The infected MoCs can trigger selfapoptosis and may signal apoptosis in the neighboring PyNs because MoCs as well as microglia have a relatively high density in neural tissue (29) (30) (31) and form a meshed network able to detect and react to modifications of the local environment (32) . In addition, several endogenous factors produced by MoCs can promote neuronal apoptosis, including excitatory amino acids, NO, MMPs, and proinflammatory cytokines such as TNF-a and SDF-1 (12) . However, our preliminary studies showed that increased cytokine expression was not correlated to the distribution of subregional lesions in the hippocampus (data not shown). Therefore, we extended the areas for statistical analysis by including the entorhinal cortex, which functions as the core of a widespread neuronal network projecting neuronal output to the hippocampal subregions and receiving input from other cortical areas. Cytokines transferred to distinct areas through axonal flow may be a cause of regional damage in the hippocampus because all cell types in the central nervous system, including neurons, are able to produce cytokines during innate immune responses (33, 34) .
Triggering of the apoptotic cascade in the hippocampus in Mu-3 infection could have occurred within 24 h before marked apoptosis in this area was observed, because no significant changes were detected at 3 dpi in the presence of Mu-3 in the hippocampus. These changes included Cas3 induction, which can be detected before morphological changes or DNA fragmentation that can be identified by TUNEL reactivity. With short incubation periods and a high incidence of apoptosis in the hippocampus, this system using Mu-3 provides an opportunity to investigate the cellular and chemical events evoked shortly before apoptosis is detectable, particularly for the study of neuronal apoptosis mediated by an indirect pathway, which still remains largely unknown in the field of neuroscience (13) . In addition, detailed studies of pathological disturbances induced by infection with mutant viruses obtained in our laboratory (7) can offer some clues to elucidate the significance of viral genome mutations, which occur at high frequencies in infections with MHV (8) and human coronaviruses such as severe acute respiratory syndrome coronavirus (35) and Middle East respiratory syndrome coronavirus (36) .
